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(1) part of the doctorate thesis of the first author. received for publication in January 27, 2011 and approved in November 11, 2011. (2) doctorate by post-Graduate program in agronomy (agriculture), college of agricultural sciences, são paulo state university (uNesp) . researcher of the N&s agriconsult. e-mail: martha@agriconsult.com.br (3) Full professor, department of crop science, college of agricultural sciences, são paulo state university (uNesp), Lageado experimental Farm, p.o. box 237, 18610-307 . botucatu, são paulo, brazil. research productivity scholarship from cNpq. e-mail: crusciol@fca.unesp.br (4) doctorate student at the post-Graduate program in agronomy (agriculture), college of agricultural sciences, são paulo state university (uNesp). e-mail: adalton@fca.unesp.br iNtroductioN For satisfactory yields of castor bean (Ricinus communis L.), the nutrient availability in the soil has to meet the crop requirements. However, the few studies focused on nutrient uptake by castor bean plants are restricted to macronutrients. in the 50s, based on literature data, canecchio Filho & Freire (1958) estimated that in a yield of 2.000 kg ha -1 dry fruit (seeds + husk) yield, castor bean exports 80, 7.9, 26.7, 8.6 and 6 .0 kg ha -1 of N, p, K, ca and Mg, respectively. in a subsequent study, Nakagawa & Neptune (1971) found that the nutrient amounts absorbed by this oilseed crop throughout the crop cycle (133 days) were 156 kg ha -1 N, 5.3 kg ha -1 p, 172 kg ha -1 K, 13.8 kg ha -1 ca and 12.5 kg ha -1 Mg, demonstrating the high nutrient demand during the growth and development of this crop. However, aside from not taking the micronutrients into consideration, the said studies involved cultivars with a long growth cycle, medium height and non-uniform maturity, suited for manual harvest only. therefore, since the production system of this oilseed crop has changed significantly with the development of new, short hybrids and cultivars, adequate for mechanized harvesting, with short growth cycle, high yield, uniform maturity and high
RESUMO:
EXTRAÇÃO oil content in seeds (Moro, 2008; silva et al., 2010) , further studies on the mineral nutrition of this crop plant are required. since short hybrids have a high yield and short growth cycle, the nutrient demand concentrated in a short period is possibly much higher than of traditional cultivars, with long growth cycle and indeterminate growth.
in the past few years, castor bean oil emerged as a possible energy source and the planting area of this oilseed crop was increased. New studies on mineral nutrition and fertilization with macronutrients and micronutrients were developed with short-stature castor bean cultivars (Lange et al., 2005; Lavres Júnior et al., 2005 severino et al., 2006; silva et al., 2007; almeida Júnior et al., 2009; chaves et al., 2009; oliveira et al., 2010; dantas Júnior et al., 2010) . However, so far no data are available on the nutrient uptake of short-stature hybrids, not in spring-summer (main harvest) when this oilseed crop is grown in crop rotation/succession systems (silva et al., 2010) , nor in fall-winter (second growing season), when castor bean is an important alternative crop (Moro et al., 2011) . therefore, it is essential to know the nutrient demand of short-stature hybrid castor bean throughout the long growth cycle, as well as the periods of highest nutrient demand and the amounts exported with the seeds. underlying fertilization management, this information makes balanced fertilization possible, ensuring the optimization of seed and oil yield of this oilseed crop. the purpose of this study was to evaluate nutrient extraction and exportation in short-stature castor bean hybrid Lyra, in the spring-summer (main harvest) and fallwinter (second growing season).
MateriaL aNd MetHods
the experiments were conducted on the experimental Farm Lageado of the college of agricultural sciences, são paulo state university (uNesp), in the city of botucatu, sp (48º 26' W, 22º 51' s, 740 m asl). the soil of the experimental area was an oxisol, used for six years in a no-tillage system. during the experiments, the maximum and minimum temperature and rainfall were recorded daily ( Figure 1 ).
prior to the experiment installation in the spring-summer and fall-winter growing seasons, samples were taken from the 0.0-0.20 m layer to determine the soil chemical properties (raij et al., 2001 before castor bean sowing, the field was sprayed with glyphosate (1.8 kg ha -1 i.a.). in spring-summer, the seeds were sown in no-tillage on oat straw, on 23/12/2005, and in fall-winter, on corn straw, on 3/04/2006; in rows spaced 0.50 m apart and 45,000 plants ha -1 . in both growing seasons, seeds of the commercial hybrid Lyra were treated with carboxinthiran (60 g i.a. 100 kg -1 seeds), and thiametoxan (210 g i.a. 100 kg -1 seeds).
the hybrid Lyra has a short growth cycle (140 days), average height of 1.40 m, indehiscent fruits with a thin, easy-to-remove husk and average yield of 2,000 kg ha -1 ; flowering occurs 30-35 days after emergence (dae); approximately 60 % of the flowers are female; and it is well-adapted to stress.
Mineral fertilization was applied at a rate of 250 kg ha -1 of the N-p-K 08-28-16 + 4.5 % s + 0.5 % Zn, based on the soil chemical analysis and on the recommendations of savy Filho et al. (1999) . in spring-summer, emergency occurred on 08/01/2006 and in fall-winter growing season, emergency occurred on 23/04/2006. topdressing fertilization was performed with 50 kg ha -1 of N (ammonium nitrate) at 20 dae, when the plant had 4-5 fully expanded leaves. the fertilizer was applied to the soil surface and spread along the sides and within a 10 cm distance from the plant rows.
during the crop cycle, fungicides were applied in the experimental area according to the technical recommendations for the specific crop (Lima & batista, 1997) . in both growing seasons, flowering occurred around 25 dae.
the experiment was conducted in a randomized block design with four replications. the plots consisted of the plant samplings (assessments), which occurred 17, 31, 45, 59, 73, 97 and 120 dae in the spring-summer, and 17, 31, 45, 59, 80, 100 and 120 dae in the fall-winter growing season. each plot had ten 5-m long rows. only the eight central rows were considered for evaluation, leaving 1 m on either side. at each plant sampling (assessment), the shoots of four plants in sequence in a row were removed. plants sampled had in all sides plants competitive and had no sign of disease. the sampled plants were separated into stem, leaves and raceme, washed and dried to constant weight in a forced-air oven at 65 °c. based on dry matter (dM) data of four plants and on the plant density, the accumulated dM of each plant part and shoot were calculated. the samples were ground in a Wiley mill and the levels of N, p, K, ca, Mg, s, b, cu, Fe, Mn, Mo and Zn were determined (Malavolta et al., 1997) . based on the nutrient levels and the accumulated dM amounts, the amounts of macronutrients and micronutrients accumulated in each plant part and in shoot were calculated.
in both growing seasons, the final harvest occurred 120 dae. For the assessment of seed yield, all plants contained in the eight central rows of the plots were collected, leaving 1 m on either side, and the seeds weighed. to calculate the seed yield, the seed weight of the four plants sampled during the last sample period (120 dae) was added to the seed weight of the other plants of the eight central rows of the plot. the yield data were converted to kg ha -1 , considering the plant population, and were adjusted for the moisture content of 80 g kg -1 (wet basis). the nutrient exportation with seeds was derived from the seed yield data and nutrient levels. the data were subjected to aNoVa. the effects of the plant samplings on the variables dM and nutrient accumulation were assessed by regression analysis using the Gaussian model with three parameters, described by the equation (1): (1) where y = dM or nutrient accumulation; a = corresponds to the value of maximum accumulation; x 0 = corresponds to the value of x, in dae, which provides the maximum y; and b = corresponds to the amplitude in the value of x, in dae, between the inflection point and the maximum point. the rates of dM and nutrient accumulation in the shoot and raceme were obtained by the first derivative of the fitted equation for dM and nutrient accumulation, leading to the inflection and maximum points for each equation. the inflection point represents the day of the development cycle of the plant when the rate of daily dM or nutrient accumulation reaches the maximum. From the beginning of the cycle until the inflection point, the daily accumulation rate increased. thereafter, this rate decreased. the maximum point represents the day of the plant development cycle when dM or nutrient accumulation reaches the maximum value.
resuLts aNd discussioN
Growth and dM accumulation in both growing seasons, the dM accumulation in the shoot was low in the first 40 dae, but was intensified after flowering (25 dae), due to the raceme growth (Figure 2 ). in spring-summer, 74 dae the dM accumulation rate in the shoot reached 122 kg ha -1 day -1 , whereas in the fallwinter growing season 62 dae, the maximum dM accumulation rate was 37 kg ha -1 day -1 (Figure 2 ). during the spring-summer, when water availability was higher, the shoot accumulated dM almost until the end of the cycle, reaching 8,600 kg ha -1 dM, compared to 2,200 kg ha -1 in fall-winter growing season. in fall-winter, the dM accumulation increased until 100 dae, when the accumulation rate became zero and the amount of dM remained stable until the end of the cycle (Figure 2 ). in spring-summer, the racemes showed strong growth between 50 and 90 dae, when the dM accumulation rate reached 76.1 kg ha -1 day -1 (Figure 2) . Nevertheless, i.e., in the fall-winter, the racemes showed higher dM accumulation rate between 50 and 80 dae, in a shorter period than in spring-summer and at rates of 31.1 kg ha -1 day -1 only, which led to a reduced raceme growth and seed yield (Figure 2 and table 1 ). despite the lower raceme growth in the fall-winter, at the end of the cycle it was found that these organs accounted for 73 % of the dM of the whole plant, whereas in springsummer, the racemes accounted for only 49 %. these findings demonstrated that under reduced water availability, as is the case in the fall-winter growing season, the plants change the dM partition and assign a greater proportion of carbohydrate intake to the development of racemes, since the developing seeds act as a photoassimilate sink, leading to a reduction in the leaf area and leaf dry matter (taiz & Zeiger, 2004; dantas Júnior et al., 2010) .
Macronutrient accumulation
in both growing seasons the macronutrient accumulation was low until the beginning of raceme formation (25 dae), coinciding with the period of low dM accumulation (Figures 2, 3 (Figures 3 and 4) . in fall-winter, the maximum daily uptake of K, ca, Mg and s occurred between 55 and 60 dae, whereas for N and p the daily uptakes was highest 70 and 90 dae, respectively. therefore, the daily uptake indicated that N or N and K topdressing can be applied later, or more frequently throughout the cycle, since N fertilization in this study was performed 20 dae and the N and K demand of the castor bean hybrid was highest between 60 and 70 dae (Figure 3) . although the period of maximum p uptake occurred 70 dae (spring-summer) and 90 dae (fall-winter), this nutrient should be supplied at sowing, because its low availability in the early stages, besides reducing the number of leaves, delays fruit production in primary racemes (Nakagawa et al., 1982) , which accounts for at least 30 % of the total yield (Nakagawa et al., 1977) . based on the amounts accumulated and accumulation rates, it can be seen that most macronutrients in the shoot reached the maximum values between 100 and 110 dae, regardless of the growing seasons (Figures 3 and 4) . only p and ca showed a behavior different from the other nutrients; there was practically no ca uptake 85 dae, whereas p was the only nutrient absorbed until the end of the crop cycle. Nakagawa & Neptune (1971) also reported an increased p accumulation by the castor bean cultivar campinas until the end of the cycle.
it was observed, particularly in the fall-winter growing season, that the accumulated amounts of N, p and K by the plants remained constant until the end of the cycle, whereas ca, Mg and s accumulations were reduced due to leaf senescence, once the greatest accumulation of these nutrients occurs in the leaves and stems, as indicated by the lower accumulation rates of the racemes than of the shoot (Figures 3 and 4) . therefore, only a small amount of ca, Mg and s absorbed by plants is allocated to seed growth. after absorption, these nutrients are transported by the xylem and accumulate in larger quantities in leaves and stems, due to their low redistribution in the tissues, in the case of ca and s, or because they are part of the chlorophyll molecule (Malavolta, 2006) . a different behavior was observed for N, p and K, in the final stage of the fall-winter growing season, with greater accumulation rates in the racemes than in the shoot, indicating the mobilization of these nutrients already accumulated in other plant parts. according to Nakagawa et al. (1982) , p previously accumulated in the leaf, petiole and stem is transferred to the inflorescence of castor bean during plant development. the cause of this translocation is that a significant nutrient amount accumulated in the leaves during growth is transferred during senescence to reproductive or growth organs, and leaf death only occurs after the nutrients are remobilized to other plant parts by senescence processes (souza & Fernandes, 2006) . in other plants, the remobilization of N, p and K from the leaves during leaf senescence was 80 % (Himelblau & amasino, 2001) . in citrus plants, the content of mobile elements such as N, p, K is lower in the leaves near the fruits, as a result of the mobilization process from the leaf reserves of these elements to the fruits (Malavolta, 2006) . in the spring-summer growing season, nutrient uptake was greater than in fall-winter, with amounts of 180, 21, 78, 77, 35 and 31 kg ha -1 of N, p, K, ca, Mg and s, respectively (Figures 3 and 4) . in fall-winter, these values were 67, 7, 28, 24, 9.4 and 17 kg ha -1 for N, p, K, ca, Mg and s, respectively. in both growing seasons, N, K and ca were the most intensively absorbed macronutrients by hybrid Lyra, as also reported by Lavres Júnior et al. (2005) for the castor bean cultivar iris, confirming the high demand of this oilseed crop for the above nutrients. Nakagawa & Neptune (1971) observed that K was the most intensively absorbed nutrient by castor bean followed by N, ca, Mg and p, indicating that the order of nutrient absorption may vary according to the season and crop system, and also to the cultivar and/or hybrid used.
except for K in both growing seasons and for N and Mg in fall-winter, it was found that the amounts of the other macronutrients absorbed by hybrid Lyra were larger than reported by Nakagawa & Neptune (1971) for the medium-stature cultivar campinas (Figures 3 and 4) . the authors found that, throughout the cycle, this cultivar extracted 156 kg ha -1 N, 5.3 kg ha -1 p, 172 kg ha -1 K, 13.8 kg ha -1 ca and 12.5 kg ha -1 Mg. these results showed that short-stature hybrids differ from traditional cultivars in terms of nutrient uptake.
With regard to fertilization, it was found that the amounts of N (70 kg ha -1 ) and K (33 kg ha -1 ) applied by fertilization were larger than the total requirements of this hybrid in the fall-winter growing season, but not in the spring-summer, when uptake was greater and the nutrient amounts absorbed by plants were larger than those supplied by fertilization (Figure 3) . the amount of p applied by fertilization (30.6 kg ha -1 ) was larger than the amount of p absorbed, but the amount of s applied by fertilization (11.3 kg ha -1 ) was smaller than the amounts extracted by the plants in both growing seasons (31 and 17 kg ha -1 in spring-summer and fall-winter, respectively) (Figures 3 and 4) . thus, particular attention should be paid to N and K fertilization, mainly in the spring-summer growing season, and regarding sulfate fertilization, in both growing seasons, because in these cases the nutrient uptake was higher than the fertilizer rates applied.
Micronutrient accumulation
until the beginning of flowering, the amounts of micronutrients accumulated in the shoot were small in both growing seasons, but with the formation and development of the racemes, nutrient accumulation became more intense (Figures 2, 5 and 6 ). the amounts of micronutrients extracted from the soil differed between the two seasons, indicating that the nutritional requirements of this hybrid vary according to the growing season.
the micronutrients b in spring-summer and Zn in both growing seasons were accumulated in the shoot only until the end of the cycle (Figures 5  and 6 ). Mn was the micronutrient accumulated in the earliest stage during the cycle in both growing seasons, because until 83 dae the plants had already absorbed the total amount required during the cycle. the maximum accumulation of the other micronutrients occurred between 90 and 110 dae. in the final stage of the cycle, there was a reduction in the amounts of most micronutrients accumulated, due to leaf senescence.
although hybrid Lyra absorbed micronutrients during the whole cycle or almost until the end of the cycle, a critical period was observed, when the plants need practically all types of available micronutrients in satisfactory amounts, i.e., between 40 and 80 dae, when accumulation rates are highest (Figures 5 and   6 ). thus, fertilization with micronutrients should adequately supply micronutrients during the critical stage of plant growth with maximum micronutrient uptake rates in this oilseed crop. the amounts of micronutrients extracted by the plants during the spring-summer growing season had the following order: Fe>Mn>Zn>b>cu>Mo, with average values of 1,260, 960, 420, 288, 52 and 3.28 g ha -1 , respectively (Figures 5 and 6 ). in fall-winter, the order of extraction was the same, but the amounts were smaller, i.e., 670 g ha -1 Fe, 259 g ha -1 Mn, 88 g ha -1 Zn, 53 g ha -1 b, 20 g ha -1 cu and 0.47 g ha -1 Mo. the greatest Fe and Mn uptake reflect high accumulation rates, greater than those of the other micronutrients. in a study with castor bean plants grown in nutrient solution, Lange et al. (2005) observed that the first signs of deficiency occurred in a treatment without Fe and Mn, indicating the greater demand for these micronutrients. although Zn and b are the third and fourth most absorbed micronutrients by castor bean, only Zn application induced yield increases (souza & Natale, 1997) .
seed yield and nutrient exportation the seed yield was found to be almost 2.5 times higher in the spring-summer than the fall-winter growing season, due to the greater rainfall intensity and distribution (table 1 and Figure 1) . the reduced water availability in the soil in the fall-winter impaired the normal plant growth (Figure 2 With regard to the nutrient content in seeds, it was found that although the amounts of most nutrients were higher in the fall-winter, the exported quantities were lower than in the springsummer growing season, once the seed yield was higher in the spring-summer (table 1) . except for K, the nutrient amounts exported in the spring-summer were larger than estimated by canecchio Filho & Freire (1958) and Nakagawa & Neptune (1971) for a seed yield of 2,000 kg ha -1 . in (table 1) . However, the variation between the growing seasons was lower for nutrient extraction and exportation per ton of seed produced, indicating that the amounts extracted and exported depended on the seed yield. Moreover, these findings are important for the fertilization management of this oilseed crop, allowing the estimation, based on the expected yield and the efficient nutrient use, of the amounts of fertilizers that should be applied in the cultivation of this oilseed crop.
it was found that most p and N absorbed during the cycle was exported with the seeds, and in the fallwinter the percentage of nutrients removed from the field in the seeds was higher (table 1) . the relative exportation of p was highest because this nutrient is usually accumulated in larger amounts in the seeds than in the plant biomass (Haag et al., 1967) . in fruits of castor bean grown in low-fertility sandy soils, it was found that 80 % of the p contained in the castor bean fruits was accumulated in the seeds (Hocking, 1982) , confirming the evidence that castor bean seeds are a strong p sink. approximately half of the amounts of s and b absorbed in both growing seasons were exported at seed harvest (table 1) . except for Zn and Mg in the fall-winter growing season, it was stated that for the other nutrients, the amount exported with the seeds was smaller than 50 % of the total absorbed, indicating that of the total nutrient amount accumulated in the plants during the cycle, a significant part returns to the soil in the plant residues, mitigating depletion.
considering the dynamics of nutrient accumulation of hybrid Lyra, it can be seen that p should be fertilized at sowing, since p is essential for the formation of primary racemes and, consequently, for yield. particularly in soils more prone to leaching, N and K topdressing should be fertilized at a later stage, or more frequently during the cycle, once the uptake rates are highest between 60 and 70 dae. attention should be paid to the amounts of N, K and s applied during the spring-summer growing season when the absorbed were larger than the fertilized amounts, which may lead to soil depletion, depending on the frequency of cultivation of this hybrid in the field. Micronutrients should, whenever necessary, be fertilized so as to ensure a high availability for the plants, particularly from 40 to 80 dae. coNcLusioNs 1. the growth of castor bean hybrid Lyra was slow and nutrient uptake lowest between emergence and the beginning of flowering. the period of highest dM accumulation rates and nutrient demand was between 40 and 80 dae, in both growing seasons.
2. the order of nutrient extraction by hybrid Lyra plants in the spring-summer growing season was: N>K>ca>Mg>s>p>Fe>Mn>Zn>b>cu>Mo. in fallwinter, s was more absorbed than Mg.
